Neospora caninum is a protozoan parasite closely related to Toxoplasma gondii 23 and has been studied for causing neuromuscular disease in dogs and abortions in cattle. 24
Introduction 41
Neospora caninum is an obligate intracellular parasite that belongs to the phylum 42 Apicomplexa and is the causative agent of neosporosis. Canids have been described as its 43 definitive hosts, while cattle, sheep, and other warm-blooded species act as its 44 intermediate hosts (1, 2) , which can be infected by oral or transplacental routes. N. 45 caninum is closely related to Toxoplasma gondii, and has been studied in the last decades 46 as a major cause of neuromuscular disease in dogs and repeated abortions in cattle, being 47 recognized as the major identifiable cause of economic losses in beef and dairy industries 48 context, TLR2 and TLR11 participate in parasite recognition, leading to the activation of 66 antigen presenting cells and polarization of immune responses to a Th1 profile (14, 15) . 67
The participation of MyD88-dependent endosomal receptors, such as TLR 7, 8 and 9, has 68 also been suggested during the infection in different animal species (16) (17) (18) . However, 69 the role of TRIF signaling in the context of N. caninum infection is still unclear. It is 70 known that, differently from T. gondii, TLR3 recognizes N. caninum RNA and induces 71 type I IFN responses (19) . 72
In that sense, this study aimed to evaluate the role of the TLR3-TRIF dependent 73 signaling pathway in resistance to N. caninum, using in vivo and in vitro approaches to 74 observe phenotypes and to elucidate the molecular mechanisms involved in this 75 interaction. 76 77 2 Results 78 2.1 TRIF is required for proper resistance during the infection by N. caninum 79
In order to verify whether TLR3-TRIF signaling pathway was required for host 80 survival against a severe infection model, we monitored WT, TLR3 -/-, TRIF -/and 81
MyD88 -/mice for 30 days after inoculation of N. caninum tachyzoites (1×10 7 82 parasites/mice). MyD88 -/mice were used as a controls since it has been shown that 83
MyD88-induced signaling is crucial for host resistance to neosporosis (12). WT mice 84 survived the infection, whereas all MyD88 -/mice succumbed after 18 days of inoculation. 85
Regarding the TLR3 -/and TRIF -/mice, we found a survival rate of 50% and 33%, 86 respectively, demonstrating that this pathway participates in host resistance to infection 87 (Figure 1) . 88
Then, in order to evaluate the specific participation of TRIF in control of parasite 89 growth in vivo, we infected WT and TRIF -/mice with a sublethal dose of N. caninum 90 tachyzoites (5x10 6 parasites/mice), for the quantification of parasite genomic DNA copies 91 at distinct phases of infection (Figure 2) . We observed that TRIF -/mice presented 92 increased parasite burden during hyper acute (24 hours of infection, peritoneal cells), 93 acute (7 days of infection; peritoneal cells and lungs), and in the chronic phase (30 days 94 of infection; brain), if compared to the infected WT group. No significant differences in 95 parasite load were observed in the liver (acute phase) between the analyzed groups. 96
Based on these findings, we evaluated the role of TRIF in controlling tissue injury 97 and inflammatory lesions in the different tissues of the infected mice. Histological 98 sections revealed pronounced lesions in the lungs of the infected mice at 7 days post 99 infection, notably worsened in the absence of the TRIF, which presented a significant loss 100 of tissue structure induced by extensive regions of diffuse inflammatory infiltrates. 101
Inflammatory foci were also observed in liver and brain samples from WT and TRIF -/-102 mice, however no differences in the inflammatory profile were noted between the 103 analyzed groups (Figure 3) . 104 2.2 TRIF supports the induction of appropriated Th1 immune profile responses against 105
N. caninum 106
As TRIF -/mice presented impaired resistance to the infection, shown by 107 decreased survival rates, along with higher parasite burden and tissue injury, we 108 investigated whether the stimulation of adaptive immune responses, based on the 109 production of a proper profile of chemokines, cytokines and nitric oxide, would also be 110 compromised in TRIF -/mice during the acute phase of infection by N. caninum. For this 111 purpose, we mapped important soluble factors involved in the activation, regulation and chemoattraction of monocytes, lymphocytes and macrophages, in lysed spleen cells 113 obtained from infected WT and TRIF -/mice during acute phase. The results for the array 114 assay show that TRIF -/mice fail to produce regular amounts of several chemokines, such 115 as IP-10, JE, CXCL9, CCL5, if compared to the WT (Figure 4) . In addition, we found 116 that the concentration of major proinflammatory cytokines such as IL-12p40 ( Figure 5A) , After analyzing the relevance of the TLR3-TRIF-dependent signaling pathway in 125 the host resistance to N. caninum, the next step was to elucidate aspects of the interaction 126 between TLR3 and the parasite, also comparing it to T. gondii, which has been previously 127 described as not recognizable to TLR3 (19) . First, in order to verify the recruitment of 128 TLR3 in response to N. caninum and T. gondii, we infected immortalized bone marrow 129 used, in order to force RNA uptake by iBMDMs, no formation of TLR3-GFP foci was 138 observed, however it was notable that TLR3 was abundantly expressed in cells exposed 139 to N. caninum RNA, while GFP expression in cells stimulated with T. gondii RNA 140 remained basically unaltered. 141
In the same manner and still trying to comprehend the mechanisms involved in 142 the recruitment of pathway components to the PV, we transfected macrophages with 143 IRF3-GFP constructs, a transcription factor responsible for the induction of IFN-α and 144 IFN-β. These cells were infected with tachyzoites of N. caninum and T. gondii for 24 145 hours and evaluated by fluorescence microscopy (Figure 8) . The results showed that 146 infection by N. caninum strongly induces increased expression of IRF3 with formation of 147 aggregates around the parasite. Conversely, T. gondii was not able to activate IRF3, 148
corroborating with the results previously presented in relation to TLR3 recruitment. 149 150 2.4 TRIF is responsible for the induction of type I IFN in macrophages infected with N. 151 caninum, which are shown to be relevant modulators of key IL-12 production 152
We have demonstrated that protozoan N. caninum is able to activate the signaling 153 pathway initiated by TLR3, inducing the recruitment of the receptor and related 154 transcription factor to the PV. We also know from the literature that this signaling 155 pathway is TRIF-dependent and results in type I IFN (IFN-α and IFN-β) production, 156 possibility that we now investigated during infection of fresh BMDMs. Initially, to assess 157 if N. caninum was able to modulate the expression of TRIF during the infection, WT 158 BMDMs were exposed to live N. caninum tachyzoites, or stimulated with LPS as positive 159 control, and the messenger RNA codifying this adaptor protein was quantified after 6 160 hours of infection. For this experiment, we observed that TRIF expression increased over similar increase in transcription was observed in the follow up experiments, involving the 163 quantification of IFN-α and IFN-β expression in infected BMDMs derived from WT and 164 TRIF -/mice. However, in the absence of TRIF, this expression was severely 165 compromised. IFN-α expression was reduced in approximately 40% in infected TRIF -/-166 BMDMs (Figure 9B ), while differences in IFN-β transcript levels were even higher, with 167 TRIF -/-BMDMs inducing over 4-fold reduced expression of this cytokine, if compared 168 to WT BMDMs in the presence of the parasite (Figure 9C) . 169
Our last step was to evaluate whether the TLR3-TRIF pathway and its known 170 products (type I IFNs mainly) would affect Th1 induction by macrophages. As previously 171 described by Mineo and colleagues (12), MyD88 is a crucial adapter molecule in inducing 172 an effective immune response against the parasite due its pivotal role in IL-12 production, 173 which by its turn is the main IFN-g inducing element in the immune system by polarized 174
Th1 lymphocytes. With that intent, we performed experiments to elucidate whether the 175 TLR3-TRIF pathway would directly affect this essential mechanism in host protection 176 during N. caninum infection. For this, we analyzed the production of IL-12p40 by WT, 177 TLR3 -/-, TRIF -/-, and MyD88 -/infected macrophages. In this set of experiments, we 178 observed that TLR3 -/and TRIF -/-BMDMs failed to produce regular concentrations of IL-179 12p40, if compared to WT cells. As expected, in the absence of MyD88, no production 180 of the analyzed cytokine was detected ( Figure 10A) . 181
In order to establish the mechanism by which TLR3-TRIF contribute to IL-12 182 production in macrophages, TRIF -/and WT BMDMs were treated with recombinant IFN-183 α and IFN-β and infected with N. caninum tachyzoites for subsequent determination of 184 IL-12 levels. According to the results, treatment with IFN-α was able to completely 185 reestablish IL-12p40 production in TLR3 -/and TRIF -/-BMDMs, while IFN-ß had an 186 overall inhibitory effect on the production of IL-12p40 in all macrophage lineages tested ( Figure 10B ). None of the treatment with recombinant cytokines were able to induce IL-188 12p40 in MyD88 -/-BMDMs. 189 190
Discussion 191
Neospora caninum is the obligatory intracellular parasite that causes neosporosis 192 and has medical-veterinary importance mainly by causing neuromuscular paralysis in 193 dogs and abortion in cattle, with significant economic impact on countries that produce 194 meat and dairy products. In order to prevent the spread of the infection and its clinical 195 consequences, the understanding of the innate immune pathways triggered against this 196 parasite, as well as the participation of parasite molecules that actively interfere in host 197 resistance to the infection, are crucial (3). 198
In this work, we investigated how TLR3-TRIF innate recognition pathway assists 199 the host response against the infection by N. caninum. Initially, we aimed to evaluate the 200 importance of the this pathway in survival of N. caninum infected hosts, using MyD88 -/-201 mice as a comparison , since this molecule is central for survival of the host during 202 neosporosis (12). In our study, TLR3 -/and TRIF -/mice presented decreased survival 203 rates after infection, although part of the experimental groups survived -differently from 204
MyD88 -/mice groups that fully succumbed to the N. caninum challenge. These 205 experiments demonstrate that the TLR3-TRIF pathway has an indirect participation in 206 host resistance to infection, in a secondary role to MyD88 in resistance to the infection. 207
As observed during in vivo experiments, our results showed that TRIF is also 208 related to the regulation of effector host immune responses, since TRIF -/mice presented 209 higher parasite burden associated with low concentrations of IFN-γ and NO, which are 210 essential for parasite elimination. Nonetheless, intense tissue inflammation was observed in the lungs of TRIF-deficient mice with significant loss of pulmonary alveoli structure, 212 characterizing the severity of the infection in the absence of key immune factors. Hsia 213 and collaborators demonstrated that TRIF -/mice presented higher lung injuries due to 214 impaired ability of lung dendritic cells to support the polarization of the immune 215 responses to a Th1 profile (20) . Previous work indicate that iNOS (nitric oxide synthase 216 2) is absent and NO synthesis is totally impaired in TRIF deficient murine peritoneal cells 217 stimulated with poly: IC or LPS (21). There is also evidence that TRIF participates not 218 only with NO production, but also with the induction of reactive oxygen species (ROS) 219 in macrophages via TLR3 receptor (22). In addition, we have observed thoroughly that 220 the absence of this adapter molecule also leads to an impaired production of IL-12p40, 221 TNF and important chemokines, indicating that TRIF pathway acts in the immune control 222 of the acute phase of disease through the potentiation of specific Th1 responses, 223 coordinated by MyD88. 224
From these results, we decided to explore the mechanism by which N. caninum 225 interacts with the TLR3-TRIF pathway. Despite its phylogenetic similarity with T. gondii, 226 N. caninum has many distinct biological characteristics, especially those regarding it's 227 interaction with the host cell. Our results demonstrate that one of these differences 228 consists in the ability of N. caninum to induce the innate recognition pathway dependent 229 on the TLR3 receptor, which is well characterized for recognizing viral nucleic acids. We 230 have shown that the RNA of the protozoan N. caninum triggers the induction of TLR3, 231 recruiting this receptor dispersed in cytoplasm for the formation of an active agglomerate 232 around the PV. Similar results were found by Beiting and colleagues, demonstrating that 233 protozoan parasites are capable of inducing type I IFN responses and that N. caninum 234 performs this activation in a higher magnitude than T. gondii (23). We also evaluated the 235 behavior of the transcription factor IRF3 by N. caninum. Again, a similar behavior was observed, with the concentration of IRF3 around the PV. Beiting and collaborators did 237 demonstrate that N. caninum is also able to induce increased expression of IRF7, another 238 transcription factor involved in antiviral responses (23). 239
Regarding the ability of the TLR3-TRIF pathway to induce IFN-α and IFN-β, we The parasite burden of peritoneal cells and other sampled tissues was determined 306 by qPCR normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as 307 previously described (30). Briefly, DNA was extracted from 50 mg of cells or tissue using 308 SDS and proteinase K, and its content was estimated by 260/280 ratio (NanoDrop, 309 which used specific primers designed for the Nc-5 sequence of N. caninum and GAPDH 311 listed in Table 1 . Parasite burden was estimated through the extrapolation of the number 312 of Nc5 copies in the samples compared to predetermined standard curves with DNA 313 obtained from known counts of N. caninum tachyzoites, using dedicated equipment and 314 its software (Step One Plus, Thermo Scientific, EUA). 315 316
Histological Analysis 317
Samples of lungs, livers and brains were collected from WT and TRIF -/mice at 318 different stages of infection and analyzed for inflammatory infiltrates and tissue damage. 319
For this, the samples were fixed in buffered formalin and maintained in alcohol 70% 320 before being submitted to paraffin embedding, ultrathin sectioning and subsequent 321 staining with hematoxylin and eosin (31). The analysis was performed using automated 322 inverted microscope (FSX100, Olympus, Japan). 323 324
Cytokine measurement 325
For the measurement of the cytokine profile and chemokine production, spleens 326 from WT and TRIF -/mice infected by N. caninum (5×10 6 tachyzoites), were collected 327 after 5 days of infection in RPMI medium. Cell suspensions were washed in medium and 328 immortalized macrophages lineage and Immunofluorescence assay Bone marrow derived macrophages (BMDMs) were generated from WT, TLR3 -/-360 , TRIF -/and MyD88 -/mice, using conditioned medium, as previously described (32) and 361 the immortalization of BMDMs was performed by the method of infection with J2 virus 362 (33). 363
For cloning of murine TLR3 and IRF3, total RNA was extracted by TRIzol from 364 brain of wild type mice and the cDNA was synthesized using the GoScript ™ Reverse 365
Transcription System (Promega, Madison, USA), according to the manufacturer's 366 instructions. The PCR gene amplification was performed using specific primers for TLR3 367 and IRF3 listed in Table 1 . The resulting PCR products were cloned in mammalian 368 expression vector pcDNA 3.1(+) encoding GFP (Invitrogen-Life Technologies, USA) 369 and the plasmid was linearized with ScaI-HF for stable transfection in 10 6 immortalized 370 murine macrophages plated in 24-well plates, using LipofectamineTM 2000 (Invitrogen, 371
Carlsbad, CA, USA). The transfection efficiency was monitored under fluorescence 372 microscopy after 72 hours, and the positive cells were cloned and drug selected 373 (Geneticin, G418; Hyclone Laboratories). After cloning, cells were plated at 1x10 6 /well 374 in 24-well plates and then infected with N. caninum or T. gondii tachyzoites (MOI 1) for 375 24 hours. For N. caninum labelling we performed an immunofluorescence reaction as 376 previously described (34, 35) using as secondary antibody Alexa Fluor 546-conjugated 377 anti-mouse (Life Technologies). For infection with T. gondii we used a RH_RFP 378 fluorescent strain. 379 380
Quantification of gene expression in macrophages 381
After differentiation, WT and TRIF -/-BMDMs were plated in 24 well plates (10 6 382 cells/well) and left at 37°C and 5% CO2 for 18 hours. After incubation, the cells were 383 infected with N. caninum tachyzoites (MOI 0.5) and left for 6 hours before RNA extraction, cDNA synthesis and subsequent analysis of the expression of TRIF, IFN-α 385 and IFN-β expression by qPCR. RNA extraction was performed with Trizol (Thermo 386 Scientific, EUA) protocol. After this procedure, the purity and yield were determined in 387 spectrophotometer for subsequent cDNA synthesis using GoScript™ Reverse 388
Transcription System (Promega, Madison, EUA). The gene expression assay (qPCR) was 389 performed using SYBR green (Promega) with specific primers listed in Table 1 . The 390 gathered data were analyzed by relative gene expression, as previously described (36) 391 using GAPDH as the housekeeping gene. The data was displayed as the fold increase in 392 gene expression, using uninfected WT macrophages as the baseline parameter. to interferon-beta production during Listeria infection. PLoS One 7:e33299. 482 Representative photomicrographs of histological sections obtained from WT and TRIF -/-(n = 5) mice infected with 5×10 6 tachyzoites of N. caninum. Pulmonary and hepatic tissue samples were collected with 7 days of infection and brain tissue with 30 days of infection.
Figure Legends
Black arrows indicate areas of inflammatory cellular infiltrate. The slides were stained with hematoxylin-eosin and analyzed under an optical microscope (10x magnification).
Values are representative of two independent experiments. 
